Dendritic cells (DC), major sentinels of immune system, are involved in sensing of foreign antigens, and subsequent antigen processing and presentation to lymphocytes. DCs are main antigen-presenting cells (APC) of immune system and are connecting link between adaptive and non-adaptive immune responses. The functional diversity and generation of adaptive immunity by DCs is crucial to study pathogenesis of diseases caused by infectious agents, vaccine responses, cancers, and autoimmune diseases[@b1][@b2][@b3][@b4][@b5]. The conventional mode of differentiation of CD14^+^ monocytes into immature monocyte-derived DCs (MoDCs) can be induced by IL-4 and GM-CSF *in vitro*. We have recently identified a novel, pathophysiological non-canonical pathway of DC differentiation from CD14^+^ progenitors by bacteremic pathogen *Porphyromonas gingivalis*[@b6]. Blood mDCs express low levels of pattern recognition receptor (PRR) DC-SIGN, and dermal DCs have high levels of DC-SIGN, a key receptor involved in uptake of chronic pathogen, *P. gingivalis* through its minor (Mfa-1) fimbriae. The chronic periodontitis patients show an increase in DC-SIGN^+^ CD1c^+^ mDCs in peripheral blood[@b7][@b8]. These mDCs are carriers or host for *P. gingivalis*[@b9], and disseminate to rupture prone atherosclerotic plaques *in situ*[@b8]. Further, MoDCs and mDCs infected via DC-SIGN ligation were shown to have inhibited apoptosis through annexin V staining *in vitro*[@b6].

Apoptosis is involved in cellular development, elimination of damaged cells, and establishment of cell homeostasis[@b10][@b11][@b12]. The activation of phosphatidyl inositol kinase and its downstream effecter kinase, Akt1 inhibits apoptosis[@b10]. Further, downstream effectors of Akt1, Bcl-2 family[@b10][@b11], are anti-apoptotic, and thus help to extend cell survival[@b10][@b12]. The DC-specific C-type lectin DC-SIGN has been established as a key immunomodulator in the induction of immune responses for many pathogens, including *P. gingivalis*[@b13], *Mycobacterium tuberculosis*[@b14], and *Helicobacter pylori*[@b15]. Interestingly, DC-SIGN ligation leads to downstream Akt1 activation[@b16] which in turn phosphorylates and inactivates Forkhead box class O (FOXO) family of transcription factors. Upon phosphorylation by Akt1, FOXO proteins are excluded from the nucleus, and becomes transcriptionally inactive, while shuttling from nucleus to the cytoplasm leads to their sequestration or degradation[@b17][@b18][@b19]. FOXO inactivation contributes to extended cell survival as FOXO members are capable of activating genes encoding pro-apoptotic molecules including Bcl-2 family member, Bim.

The immunopathogenesis of chronic periodontitis (CP) and other chronic inflammatory diseases[@b20][@b21][@b22], has been linked with Th2 and Treg immune biases. The DC-SIGN targeting by *P. gingivalis* Mfa-1 fimbriae elicits Th2 biased response in monocyte-derived DCs (MoDCs)[@b23]. The role of DC-SIGN targeting in the production of indoleamine-2,3-dioxygenase (IDO), and its contribution for the modulation of immune system and induction of Treg response is not clear. However, IDO has been established as a crucial player in determining Treg function and maintenance (Nair *et al*., 2004; Royer *et al*., 2010). IDO helps create a tolerogenic state and induces immunosuppression both by direct suppression of T cells and enhancing the production of local Tregs[@b24][@b25]. The induction of Tregs through DC activity has been shown to promote disease progression[@b12][@b17] and to mediate pathogen immune escape[@b11]. Present study supports our hypothesis that IDO is a crucial determinant in inducing Tregs by the modulation of inflammatory responses in IDO-KO mouse model of gingivitis and its role in limiting inflammatory responses in pathophysiological settings such as periodontitis.

Current study investigated the ability of pathogen differentiated dendritic cells (PDDCs) to contribute to persistent *P. gingivalis* infection and chronic inflammation, through inhibition of PDDC apoptosis and their alteration of effector responses, respectively.

To address the role of fimbriae in this regard we utilized defined bacterial mutants, that solely express minor fimbriae (Mfa-1^+^Pg), major fimbriae (FimA^+^Pg) or are deficient in both fimbriae (MFB) ([Table 1](#t1){ref-type="table"}). We utilized isogenic mutant strains of *P. gingivalis* that express different fimbrial adhesins ([Table 1](#t1){ref-type="table"}) and observed that PDDCs generated by strains expressing Mfa-1 fimbriae exhibited activation of Akt1 and inactivation of FOXO1. The inhibition of Akt1 partially prevented anti-apoptotic effects of Mfa-1/DC-SIGN interaction. Our study further shows that these long-lived PDDCs were unable to activate CD8^+^ or Th1/Th17 effector responses critical to pathogen elimination, but rather induced a robust Treg response.

As *P. gingivalis* reportedly induced chemokine paralysis, inhibits IL-12 production, and suppresses complement activation which rescues it from host immunity[@b26][@b27], we decided to track *P. gingivalis* loaded MoDCs in huMoDC reconstituted humanized NSG (NOD/SCID IL2Rg^−/−^). The humanized mouse was prepared by ameliorating residual non-adaptive immune response by the treatment of clodronate-loaded liposome[@b28][@b29], and as others[@b30][@b31][@b32][@b33], we saw sizeable human cell grafting reconstituted humanized mice. Our results suggest that DC-SIGN expressing *P. gingivalis* strains (WT & Mfa-1) show inhibited apoptosis and thereby confer extended survival on pathogen. we decided to track CMFDA labeled and *P. gingivalis* loaded MoDCs. Therefore, we recorded signals via whole body imaging on live animals emitted from CMFDA labeled monocytes (MN) and MoDCs lasting for more than 10 days in deep-seated organs. This observation supports our *in vitro* findings showing the long-lived DCs when pulsed with DC-SIGN expressing *P. gingivalis.* We hardly saw bacteria pulsed DCs circulating in the periphery of huMoDCs reconstituted humanized mouse 48 hr post-administration. However, signals emitted from CMFDA labelled MoDCs were recorded in deep-seated organs until day 10 post-injection. Furthermore, results obtained from immunofluorescence assay carried out on tissue sections were suggestive of sequestration like mechanisms employed by bacteria to escape host's immunity and thereby reside longer in the heart. In conclusion, we hypothesize that pathogen-DC complex might operate as a molecular transducer of signals in inhibiting apoptosis, and IDO-dependent induction of local regulatory T cells playing a crucial role in immunosuppression and establishment of immune homeostasis.

Results
=======

Transcriptome analysis shows pathogen differentiated DCs are distinct from monocytes and monocyte-derived DC
------------------------------------------------------------------------------------------------------------

As our group recently discovered and validated generation of non-canonical DCs differentiated by *P. gingivalis,* we obliged to characterize their gene expression profile by customized PCR micro-array ([Table 2](#t2){ref-type="table"}, [Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). The fundamental cytokines, chemokines, and transcription factors playing an instrumental role in DC biology were analyzed on PDDC generated by the isogenic mutant(s) of *P. gingivalis*. Monocyte-derived DC (MoDC) and PDDC expression patterns were normalized to baseline monocyte expression. PDDC were seen in the immature state confirmed by the expression of various accessory markers (CD86 & CD40). In addition, PDDCs showed enhanced expression of pro-inflammatory cytokine, IL-6 and anti-inflammatory cytokine, IL-10 as well as sizeable increases of regulatory markers, IDO and TGFBR2.The higher expression of ADORA2B induces anti-inflammatory responses in DPG-PDDC compared with MoDC and DCs derived from other isogenic mutants (WT, MFI & MFB-DC). We observed markedly higher expression of survivin (BIRC5) and FOXO1 ([Table 2](#t2){ref-type="table"}, [Supplementary Fig. S2](#S1){ref-type="supplementary-material"}) by minor fimbriae-differentiated DC (DPG-DC), which in turn indicated inhibited apoptosis (suppressed pro-apoptotic Bim/Bcl2-l1) occurring in PDDCs compared to that with MoDCs.

Pathogen-derived DCs are anti-apoptotic
---------------------------------------

Since the gene expression profile indicated that PDDCs had suppressed levels of apoptosis mediators, we hypothesized that non-canonical differentiation conferred inhibited apoptosis on PDDCs. We tested the hypothesis that pathogen-driven differentiation of non-canonical DC confers extended survival upon these DCs. The immunofluorescence assays of nuclear fractioning and condensing on monocytes (MN), MoDC, and PDDC cultured under serum free conditions *in vitro* exhibited greater susceptibility of MoDCs to become more apoptotic than monocytes or PDDCs ([Fig. 1A](#f1){ref-type="fig"}). We maintained MN, MoDC, and PDDCs in 10% FBS in RPMI for 10 hrs and then the percentage of apoptotic (condensed nucleus) cells was determined. The percentage of apoptotic cells was seen higher in MoDC than PDDC and MN ([Fig. 1B](#f1){ref-type="fig"}). After 24 hours of culture, PDDCs generated by DC-SIGN targeting strains of *P. gingivalis* (WT and DPG-3) showed significantly (\*\*\*P \< 0.001) lower levels of Annexin V than MN or MoDC controls ([Fig. 1C](#f1){ref-type="fig"}). This reduction of Annexin V was ablated when cells were pre-treated with the DC-SIGN-blocking ligand HIV gp120 prior to infection ([Fig. 1C](#f1){ref-type="fig"}).

FOXO members can transcribe genes encoding pro-apoptotic molecules, including the pro-apoptotic Bcl-2 member Bim, a key regulator of apoptosis. Therefore, under serum free conditions functional Foxo1 plays a pro-apoptotic role in MoDC. Bim, a pro-apoptotic gene controlled by Foxo1, promotes apoptosis of DCs. The immunocytochemistry analysis of WT-PDDCs and DPG-PDDCs ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}), and immunoblot analysis of WT-PDDCs, DPG-PDDCs and MoDCs (control) ([Fig. 2A](#f2){ref-type="fig"}) revealed expression of FOXO1 in PDDCs (WT/DPG-PDDC) but not in MoDCs. Next, PDDCs were generated directly in 96-well plates to perform a whole cell ELISA for measuring total and phosphorylated forms of transcription factor, Foxo1. Akt1 phosphorylates and inactivates the FOXO family of transcription factors including FOXO 1, 3 & 4. Upon phosphorylation by Akt1, FOXO proteins shuttle from nucleus to the cytoplasm where they are no longer transcriptionally active and are retained or marked for degradation. Each of the PDDC groups increased Foxo1 expression per cell compared to untreated monocytes ([Fig. 2B](#f2){ref-type="fig"}). The level of phosphorylated Foxo1 was significantly increased in wild-type (WT) and non-fimbriated (MFB) PDDC groups (\*\*P \< 0.01), and even more significantly increased in DC-SIGN targeting (DPG-3) PDDCs ([Fig. 2C](#f2){ref-type="fig"}). These results suggest the crucial role played by FOXO1 in regulating apoptosis in pathogen-DC complex (PDDC).

Having observed the marked increases in levels of functional Foxo1 and phosphorylated Foxo1, we analyzed PDDC expression of Bim by western blot ([Fig. 2D](#f2){ref-type="fig"}). MoDCs normally do not express high levels of Bim, but show a significant increase in Bim expression under serum-starvation signals ([Fig. 2D](#f2){ref-type="fig"}). On the contrary, DPG-PDDCs with or without serum did not express Bim when compared with MoDC controls.

CD40 contributes to pathogen-derivedDC (PDDC) anti-apoptotic signaling
----------------------------------------------------------------------

Immunological synapse (IS) formation includes receptors such as CD40 (cross-linking agent)[@b34]. Therefore, we decided to study the ability of CD40 to induce Akt1 activation. The clustering of CD40 was stimulated with specific antibodies, and activation of Akt1 was analyzed. As reported earlier[@b19], we detected the cross-linking of CD40 which induced Akt1 phosphorylation ([Fig. 3A](#f3){ref-type="fig"}, [Supplemantary Fig. S1A](#S1){ref-type="supplementary-material"}). Our results suggest the anti-apoptotic signaling induced by CD40 cross-linking in DPG-differentiated DC. As reported earlier[@b35][@b36], our results confirm the extended survival of DCs ([Fig. 3B](#f3){ref-type="fig"}, [Supplemantary Fig. S1A](#S1){ref-type="supplementary-material"}). Our results present the model indicating a mechanism whereby the DPG-DC interaction might inhibit apoptosis of DCs. [Figure 3B](#f3){ref-type="fig"} (left panel) & [Supplemantary Fig. S1A](#S1){ref-type="supplementary-material"}, without DPG-DC interaction, transcription factor NF-kB remains associated with its inhibitor IkB, stays in the cytoplasm. On the contrary, pro-apoptotic factor FOXO1 from nucleus regulates the expression of pro-apoptotic family member Bim. [Figure 3B](#f3){ref-type="fig"} (right panel) & [Supplemantary Fig S1A](#S1){ref-type="supplementary-material"}, with DPG-DC interaction, CD40 located at DPG-DC association induces activation of downstream effecter of phosphatidylinositol kinase, Akt1. The activated Akt1 leads to, 1) phosphorylation by IkB, which is subsequently degraded, and allowing the translocation of NF-kB to the nucleus. NF-kB may control the transcription of pro-survival genes, and 2) phosphorylates FOXO1 in the nucleus and translocates it to cytoplasm which inhibits the expression of Bim ([Fig. 3B](#f3){ref-type="fig"}).

Pathogen-derived DCs fail to elicit CD8 T cell activation
---------------------------------------------------------

As *P. gingivalis* is an intracellular pathogen and activated CD8 T cells are both important in clearance and observed to increase in periodontal lesions, we investigated the ability of PDDCs to stimulate the activation of CTL effector molecules ([Fig. 4](#f4){ref-type="fig"}). We observed that HLA-ABC expression was relatively high in each respective PDDC group but was significantly lower in PDDC groups differentiated by DC-SIGN (WT, DPG) targeting strains (\*\*\*P \< 0.001) ([Fig. 4A](#f4){ref-type="fig"}). We then cultured each PDDC group with autologous naïve CD8^+^ T cells for 5 days to determine if PDDCs were able to activate a functional cytotoxic phenotype. PDDCs were unable to drive up-regulation of granzyme B or perforin on CD8^+^ T cell surfaces, and only positive control leukocyte activating cocktail resulted in significant increases in both granzyme B and perforin (\*\*\*P \< 0.001) ([Fig. 4B](#f4){ref-type="fig"}). Next, we analyzed cytokine production from the mixed culture for secretion of typical CTL-associated cytokines. IL-1β, TNFα and IFNγ were not significantly up-regulated in any of the PDDC cultures and only expressed with the positive control LAC treatment ([Fig. 4C](#f4){ref-type="fig"}).

Pathogen-derived DC drive different helper responses in naive CD4 T cells
-------------------------------------------------------------------------

Our group has previously shown that *P. gingivalis* minor (Mfa-1) fimbriae are able to generate Th2 helper responses while the major FimA fimbriae generate Th1 helper responses in MoDCs. Thus, we wanted to determine whether these fimbriae interactions that generate PDDCs were also able to drive different Th subsets. We found that PDDCs generated through DC-SIGN ligation (WT and DPG-3) had significant reductions in surface IL-17R and IL-23R (\*P \< 0.05, \*\*P \< 0.01) ([Fig. 5A,B](#f5){ref-type="fig"}) and secreted lower levels of the inflammatory cytokines IL-1β, IL-2, IFNγ, IL-17 and IL-23 ([Fig. 5C](#f5){ref-type="fig"}). In addition, these select PDDCs produced sizeable amounts of anti-inflammatory IL-12p70 ([Fig. 5C](#f5){ref-type="fig"}). This indicated that WT and DPG3-generated PDDCs could function as regulatory DCs. Thus, we cultured each PDDC group with autologous naïve CD4 T cells to determine potential T helper cell responses. To broadly look at T helper subsets, we investigated the expression of typical Th1 receptors IFNγR and CXCR3, and secretion of IL-1β, TNFα and IFNγ[@b37][@b38], Th17 receptor IL-23R, and secretion of IL-17 and IL-23, and the Th2 receptor IL-4R[@b39][@b40] on naïve CD4^+^ cells after co-culture with PDDC groups for 5 days ([Fig. 6](#f6){ref-type="fig"}). PDDCs generated by DC-SIGN-targeting strains (WT, DPG-3) drive significantly lower levels of IFNγR and CXCR3 expression on CD4^+^ T cells, as well as significant decreases in TNFα, IFNγ, and IL-1β secretion (\*\*\*P \< 0.001, \*\*P \< 0.01) ([Fig. 6A](#f6){ref-type="fig"}). Treatment with HIV gp120 before DPG-3 infection and co-culture led to a significant increase in IFNγR expression, but not CXCR3 expression ([Fig. 6A](#f6){ref-type="fig"}). Also, we did not observe significant differences in the ability of PDDC groups to drive IL-23 receptor expression, while all PDDC groups and controls led to significantly more IL-23 secretion than MoDC controls ([Fig. 6B](#f6){ref-type="fig"}). However, there were no significant changes observed in IL-17 secretion from PDDC co-cultures compared to MoDC controls ([Fig. 6B](#f6){ref-type="fig"}). The PDDC groups generated through DC-SIGN, WT and DPG-3, drove significant increases in IL-4 receptor expression and IL-10 secretion from CD4^+^ T cells ([Fig. 6C](#f6){ref-type="fig"}). Strikingly, we found significant increases in Foxp3, CTLA-4[@b41], CD73, and CD39[@b42] expression on CD4^+^ T cells after co-culture with DPG-3-generated PDDC, indicative of a regulatory-driven response ([Fig. 6D](#f6){ref-type="fig"}). Interestingly, the up-regulation of each analyzed Treg surface marker was inhibited by HIV-1 gp120 blocking of DC-SIGN prior to D'PG-3 infection.

DPG3-generated DCs drive the generation of inducible regulatory T cells (Tregs)
-------------------------------------------------------------------------------

Considering DPG3-generated PDDC were the strongest inducers of Treg markers, we specifically analyzed their ability to generate inducible Tregs from naïve CD4^+^ T cells ([Fig. 7](#f7){ref-type="fig"}). The relative proportions of CD25^+^ Foxp3^+^ CD127^−^ Tregs were assessed in each culture ([Fig. 7A](#f7){ref-type="fig"}). DPG-3 PDDC led to a significant induction of Tregs, which was ablated with gp120, 1- methyl tryptophan (MT), or leukocyte activation control (LAC) treatments ([Fig. 7A](#f7){ref-type="fig"}). Consistent with heightened expression of CD25^+^ Foxp3^+^ CD127^−^ seen in CD4 & DPG-DC co-cultures, we detected greater number of DPG-DCs and CD4^+^ T cell coculture expressing Foxp3^+^ cells on immunocytochemical analysis when compared with MoDC and WT-PDDCs ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). Furthermore, DPG-3 PDDC led to a significant increase of Foxp3 on CD4^+^ T cells, which was significantly reduced when HIV gp120 treatments blocked DC-SIGN before infection or when cultures were stimulated with LAC ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). To determine the possible role of immunoregulatory enzyme indoleamine 2, 3-dioxygenase (IDO) produced by DPG3-derived PDDCs in Treg expansion, we utilized the IDO inhibitor (1-MT) in the co-culture. The presence of 1-MT significantly (\*\*\*p \< 0.001) reduced Foxp3 up-regulation on CD4 T cells cultured with DPG3-PDDCs ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). Due to the inhibition observed with 1-MT treatments, we determined the protein expression of IDO in conventional MoDCs, WT-PDDCs and DPG3-PDDCs. The immunocytochemistry analysis revealed IDO expression in WT-PDDC and more robust expression in DPG3-PDDC ([Fig. 7B](#f7){ref-type="fig"}). We could detect the expression of IDO in DPG-PDDCs PVDF blots when greater amount of protein was loaded on SDS-PAGE both in WT and DPG-PDDCs, but not in conventional MoDCs ([Fig. 7C](#f7){ref-type="fig"}). Further confirming the role of IDO in generation of Treg, IDO-KO mice displayed significant loss of Treg after being challenged with *P. gingivalis* LPS-induced inflammation, compared to WT mice ([Fig. 7D](#f7){ref-type="fig"}). In addition, the role of IDO in the balance of immune response in a periodontal model was confirmed in the IDO-KO mouse model ([Supplementary Fig. S5](#S1){ref-type="supplementary-material"}). The loss of IDO increases inflammatory damage and IL-17 production ([Supplementary Fig. S5A,B,E](#S1){ref-type="supplementary-material"}) while dampening IL-10 production ([Supplementary Fig. S5C,D,F](#S1){ref-type="supplementary-material"}). Next, we determined the overall ability of CD4+ T cells to proliferate in co-culture using CFSE dye dilution. CD4+ T cells had significant decreases in proliferative capacity in the presence of DPG-3 PDDC compared to controls, but proliferation rates were significantly up-regulated in the presence of 1-MT or LAC ([Fig. 7E](#f7){ref-type="fig"}).

Pathogen-differentiated DC (DC-SIGN expressing ***P. gingivalis*** isogenic mutants) lasting longer in humanized mice
---------------------------------------------------------------------------------------------------------------------

### Tracking of pathogen loaded MoDC in humanized mice

As DC-SIGN expressing strains (WT & Mfa-1) of *P. gingivalis* were seen less susceptible to become apoptotic as compared to conventionally generated monocytes derived DCs, we validated less apoptotic and long-lasting survival of PDDCs in DC reconstituted humanized mouse. The *P. gingivalis* loaded and CMFDA labeled dendritic cells were traced in huMoDC-NSG humanized mouse.

### Persistence of signals emitted by CMFDA labeled human monocytes *in vitro*

This study was designed to assess durability of signals emitted from CMFDA labeled CD14^+^ monocytes enriched by RossettSep monocytes enrichment cocktail (StemCell technology, Canada) ([Supplementary Fig. S6](#S1){ref-type="supplementary-material"}). There are reports showing use of CMFDA dye for staining various cell types including monocytes, keratinocytes, lymphocytes and stem cells-derived from bone marrow[@b43][@b44], to assess the sustenance of signals[@b45]. We have assessed persistence of signals *in vitro* prior to tracing labeled MoDC in humice. The human monocytes were stained with 10 μM CMFDA following the manufacturer's recommendations ([Supplementary Fig. S6A](#S1){ref-type="supplementary-material"}) and cells (200 K) were cytospin onto slides at different time points (0 to 96 hr). The prepared cells were observed under fluorescence microscope and photomicrographs were taken. We observed the signals lasting more than 96 hrs ([Supplementary Fig. S6A](#S1){ref-type="supplementary-material"}), and therefore decided to use CMFDA dye for tracking the labeled monocytes and *P. gingivalis* loaded DCs.

### Myeloablative treatment required to control the residual innate immune responses of the host

The advent of several new mouse strains with genetic immune deficiencies has largely benefited the development of an experimental laboratory model to study systemic inflammatory disease such as malaria[@b30][@b31][@b33][@b46]. The immunocompromized mouse NOD/SCID/IL2r^null^ (NSG) mice have depleted adaptive and innate immune responses[@b47][@b48][@b49]. NSG mice with immune-deficiencies support human cell engraftment, but residual innate immune cells such as monocyte and macrophage play crucial role in the clearance of human cells or pathogens[@b29][@b50]. As reported[@b30] earlier, we validate the importance of phagocytic cells, polymorphonuclears and macrophages, in ingesting and clearing infected and uninfected human cells[@b30]. While huRBC were seen to be phagocytized by the active macrophages seen on Geimsa stained smears from huRBC reconstituted NSG mice ([Supplementary Figure S6C](#S1){ref-type="supplementary-material"}), PMNs and monocyts/macrophages were seen inactive with their pigment ([Supplementary Figure S6B](#S1){ref-type="supplementary-material"}). Our results, as others[@b48], surface the need to control the residual innate response to achieving sizeable human cell grafting in NSG mice. Since macrophage mediated phagocytosis is responsible for eliminating human RBCs from peritoneum and periphery of xenotransplanted mouse[@b51], we used un-sized clodronate-loaded liposome suspension to help facilitate survival of injected human cells (huRBC and huMoDC) by controlling excessively recruited monocytes/macrophages[@b28].

### *Ex-vivo* generated MoDCs pulsed with *P. gingivalis* isogenic mutant(s)

Myeloid DCs differentiated from CD14^+^ monocytes and plasmacytoid DCs derived from plasmacytoid cells present in peripheral lymphoid organs are two known subsets of antigen presenting cells in humans. The huMoDCs are matured by providing exogenous and endogenous stimuli[@b6]. We report generation of another set of non-canonical and pathophysiological cells from CD14^+^ monocytes which are less susceptible to become apoptotic when compared with conventional MoDCs. These PDDCs were differentiated by DC-SIGN expressing (WT, Mfa-1) *P. gingivalis* strains at 1 multiplicity of infection (MOI) when incubated with positively selected CD14+ [@b6]. The *ex-vivo* generated PDDCs requiring no IL-4 and GM-CSF were characterized and analyzed by flow cytometry[@b6].

### Tracking and traversal of human-monocytes and *P. gingivalis* (WT & DPG) loaded MoDCs in humanized mouse

The NSG mice reconstituted with huMoDC (humanization) received 3--4 injections of clodronate-loaded liposomes to controlling residual innate immune cells in order to achieving sizeable engraftment[@b52] before receiving 4.5 million CMFDA (15 μM) labeled monocytes intravenously. We sampled mice at 0 hr, 1 hr, 2 hr, 24 hr and 48 hr after administration of CMFDA labeled human monocytes, stained with CD14, CD83, CD1c & DC-SIGN^+^ antibodies acquired & analyzed to detect presence of monocytes in mouse's periphery. The absence of monocytes in mouse circulation 2 hrs post-administration drove us to carry out whole body imaging on live animals to trace the labeled monocytes in a reconstituted humanized mouse. Interestingly, we observed the green signals emanating from labeled MN administered to five NSG mice ([Supplementary Figure S7](#S1){ref-type="supplementary-material"}) until day 10 post-injection. The animals were positioned well onto instrument platform, and signals were recorded from CMFDA labeled MN at different locations of deep-seated tissues ([Supplementary Fig. S7](#S1){ref-type="supplementary-material"}). Next, we decided to trace the DC-SIGN expressing *P. gingivalis* (WT and DPG) loaded MoDCs. The CMFDA (15 μM) labeled MoDCs were pulsed with WT and DPG bacteria to achieve significant loading. 3.8 million MoDCs loaded with WT & DPG-*P. gingivalis* were injected through intravenous route into two humice each. We did not see circulating MoDCs 2 hrs post-administration ([Supplementary Fig. S8](#S1){ref-type="supplementary-material"}). Interestingly, we recorded signals through whole body imaging performed on 4 humanized mice (two mice each received WT-P.g. & DPG-P.g. loaded MoDCs) ([Supplementary Fig. S8](#S1){ref-type="supplementary-material"}). The green signals were seen lasted for 10 days after injection. The treated animals were positioned well on the instrument's platform, and signals were recorded by CMFDA-MoDC at different locations in deep-seated tissues ([Supplementary Fig. S8](#S1){ref-type="supplementary-material"}). The signals seen in various organs for 10 days post-administration suggest the presence of bacteria in deep-seated tissues.

### Localization of pathogen (WT & DPG *P. gingivalis*) loaded-MoDCs in humanized mouse

Whole body imaging (WBI) on live animals show the presence of labeled and pathogen loaded DCs in deep-seated organs. However, WBI have limitation in localizing MoDCs. As we wanted to understand evasion mechanism employed by the pathogen to escape host's immunity, the humanized mice ---administered with huMN-CMFDA, WT/huMoDC-CMFDA and Mfa-1/huMoDC-CMFDA were euthanized 4 post-injection, and organs (spleen, liver, heart, kidney, & lungs) were harvested to extract cells onto glass slides to carry out immunofluorescence assay (IFA) (data not shown). The fixed and mounted cells were observed under fluorescence microscope (data not shown). The intense signals were seen from liver, spleen and heart with both WT and DPG loaded MoDCs. The signals recorded on the cells extracted from deep-seated tissues suggest that *P. gingivalis* may have employed an escape mechanism to evade host's immunity, and thereby sequestered in deep-seated organs, primarily in lungs and heart.

### Histopathological analysis

Next, we decided to localize *P. gingivalis* pulsed MoDCs in deep-seated tissues ([Supplementary Fig. S9](#S1){ref-type="supplementary-material"}) through histopathology. Animals were euthanized on day 4 post-injection and organs (spleen, liver, heart & lungs) were harvested and cryopreserved. The longitudinal sectioning was done by cryotome on different organs collected from humanized mice administered with wild type *P. gingivalis* labeled with CMFDA and loaded onto MoDCs. The sections were fixed and visualized under fluorescent microscope in bright light field. The signals recorded with lungs, heart and spleen are confirmative of the presence of bacteria for longer periods in deep-seated tissues, which validate our hypothesis of escape mechanism employed by pathogen to evade host's immunity ([Supplementary Fig. S9](#S1){ref-type="supplementary-material"}).

Discussion
==========

Dendritic cells are the most potent antigen-presenting cells with heterogeneous population of myeloid cells that express a wide variety of pattern recognition and lectin receptors. These cells are responsible for cross-talk between innate and adaptive immune responses[@b44][@b53]. Since their discovery the known role of DCs in both basic and medical sciences has increased to hypersensitivity control[@b1] viral infections[@b2], transplantation[@b3], cancer[@b4] and immune regulation[@b54]. Peripheral blood monocytes acts against the danger signals and rapidly differentiate into DCs[@b55] with diverse subsets and functional capabilities. The protective immunity rendered by DCs is based on their interaction with foreign stimulus and their stage of differentiation. The veracity of pathogen-differentiated DC (PDDC) in its contribution towards the regulation of adaptive and non-adaptive immune response is a major question to be addressed. Here, we determined the longevity of PDDCs and their potential role in immune dysregulation in context of interaction with a chronic pathogen. Present study sequentially analyzed the ability of PDDCs to trigger a broad range of adaptive and innate immune responses.

Our observation that DC-SIGN ligation leads to reduced apoptosis in MoDCs[@b6] prompted us to investigate anti-apoptotic signaling involved in PDDCs differentiated through DC-SIGN ligation. First, we utilized a gene-expression microarray to elucidate expression differences of various biomarkers including pro-and anti-inflammatory cytokines, chemokines, accessory molecules, pro-and anti-apoptotic signaling factors/genes, co-stimulatory molecules, and regulatory T cells associated markers in PDDC and MoDCs. We saw a marked inhibition in the expression of apoptotic markers with PDDCs compared to MoDCs. Specifically, alterations in Foxo1, Bim, BIRC5 (survivin), CD40 and STAT1 stood out as they are important, either directly or indirectly, in regulating DC lifespan[@b19]. Interestingly, phosphorylated Foxo1 and CD40 signaling molecules confer extended survival on DCs by regulating the expression of pro-apoptotic gene, Bim[@b56]. The expression of Bim was depleted in PDDC differentiated by the DC-SIGN-targeting (WT and DPG-3) strains. The inhibited susceptibility of PDDCs towards apoptosis than MoDCs drove us for transcript level experimental confirmation. All PDDC groups had elevated total and phosphorylated Foxo1 compared to monocytes, while PDDCs differentiated through DC-SIGN ligation (WT and DPG-3) showed greater levels of inactive (phosphorylated) Foxo1. Phosphorylation not only leads to Foxo1 degradation, but also prevents expression of pro-apoptotic Bcl protein, Bim (Bcl2-l1)[@b57]. We noticed inhibited expression of pro-apoptotic gene, Bim in PDDC groups, and subsequent reduction of apoptosis via surface Annexin V staining and immunofluorescence assay. The percentage of MoDC undergoing apoptosis was seen significantly reduced in PDDCs generated by DC-SIGN expressing and targeting isogenic mutant of *P. gingivalis* under serum free conditions.

The altered rates of apoptosis seen in DC-SIGN-generated PDDCs led us to further investigate the potential of PDDCs in generating immune responses. The priming of CD8^+^ T cells by DCs is a critical step to establishing specific cytotoxic lymphocyte (CTL) function[@b17]. As chronic infection by intracellular pathogens often subverts or inhibits priming, we decided to determine the CD8^+^ T cell activation directed by PDDCs. We observed that HLA-ABC expression was significantly lower in PDDCs than experimental controls. Also, PDDC were unable to drive the expression of perforin or granzyme B on naïve CD8^+^ T cells. The lack of priming was associated with moutning of lower levels of inflammatory cytokines necessary for CTL activation. Further investigation of PDDC differentiation and maturation status could provide insight for therapeutic targets to elicit PDDC maturation and effective activation of functional CTL.

As others[@b18], we explored the microbial stimulation driven DCs differentiation and their priming of Th cells *in vivo* by culturing PDDCs with autologous naïve CD4^+^ T cells to determine both the expression of surface molecules, and pro-and anti-inflammatory cytokine secretion from the broad range of Th subsets. Interestingly, we found that T cell differentiation was dictated by initial pathogen interaction to generate PDDC. The presence of *P. gingivalis* major fimbriae (MFI strain), previously shown to elicit Th1 cytokine bias[@b23], led to the production of Th1 cytokines and weak Th1 cell activation. Conversely, the presence of *P. gingivalis* Mfa-1 (WT and DPG-3) promoted Th2 response, but with weak Th1 response. Interestingly, the DPG-3-generated PDDC, generated via DC-SIGN interaction, led to a strong induction of Treg-associated markers shown by the increased expression of Foxp3, CTLA-4, CD39, and CD73. The immature or regulatory DCs reportedly produce indoleamine 2,3-dioxygenase[@b58] and therefore we hypothesized that regulatory T cells produced by PDDCs (WT, DPG-3) could be IDO dependent. The higher rates of necrotic and apoptotic cell death after *P. gingivalis* LPS challenge of IDO-KO mice in comparison to WT mice confirm our investigation of extended survival of PDDC. Tregs produced by DC-SIGN-generated PDDCs were blocked by the ablation of IDO using an IDO inhibitor (1-methyl tryptophan) validating the production of IDO by PDDCs. In addition, flow cytometry analysis of IDO-KO mice showed a marked decrease in Foxp3^+^ Tregs when challenged with LPS *P. gingivalis* than WT mice. Our results suggest crucial role played by IDO in modulating inflammatory responses via regulatory T cell activation. IDO is produced by DC at various stages of development and affects chronic disease. Further, IDO-dependent generation of Tregs might be a potential mechanism of PDDC-mediated immune regulation. Natural Tregs are thought to play pivotal role in the pathogenesis of chronic periodontitis and help *P. gingivalis* evade host's defense by their immunosuppressive and immune modulation abilities[@b59]. The regulatory cytokines are also seen up-regulated in deep-seated tissues during CP[@b60][@b61]. Although both natural and inducible Tregs have been shown to play crucial role in the pathogenesis of chronic infections[@b62], factors involved in recruitment and in the maintenance of Treg responses are unknown. Our data, as others[@b35], suggests a mechanism in which dysregulated DCs are promoting a robust inducible Treg response. Foxo1 deficiencies have been reported to result in defective Treg responses which are unable to rescue mice from autoimmune disease[@b63], and aid in the activation of Foxp3 in inducible Tregs[@b64]. The FOXO transcription factors were discovered to play an essential role in specifying the program of T cell differentiation in the pathway leading to development and function of Tregs. Further, development of both natural & Tregs required FOXO transcription factors[@b59][@b60].

Present study illustrates the differentiation ability of adaptable myeloid monocytes into dysregulated DCs and direct T-cell differentiation. We have previously shown that PDDC are immature and retain their phagocytic capacity, however, immature state of PDDCs might lack antigen processing and presentation on MHC molecules. Th cells play an instrumental role in controlling infections, and inability of PDDC to drive robust responses may help long-lasting survival of intracellular pathogen, establishment of chronic infection, and systemic dissemination of intracellular pathogen. The current study shows nature of pathogen-DC interaction, to generate PDDC by DC-SIGN ligation might subsequently drive polarization of naïve T cells into Tregs. We strongly believe that ability of PDDC to arise quickly after infection and survive during disease progression may have a critical role in generation and maintenance of immune regulation and dysfunction.

As PDDCs were shown to become less apoptotic, and confer extended survival, we tried to decide the fate of pathogen in huMoDC reconstituted immunodeficient mouse (huMoDC-NSG). As monocyte and/or MoDCs loaded with *P. gingivalis* were not seen in the circulation of reconstituted humanized mouse 48 hr post-injection, we traced the path and residence time of CMFDA labelled DCs in deep-seated organs through whole body imaging. Interestingly, signals emitted from CMFDA labeled MN/MoDCs were seen until day 10 post-injection, which supported our hypothesis of escape mechanism that bacteria may have employed to evade host's residual innate immunity. Furthermore, we validated our observation by carrying out immunofluorescence assay with different organs collected on day 4 post-injection. The results suggesting the extended residence of the pathogen in different organs primarily liver, heart and spleen were supported by histopathology conducted on cryo-preserved tissues. We believe sequestration of *P. gingivalis* in the heart suggests a correlation between periodontal infections and cardiovascular diseases. The long-lived surviving nature of regulatory DCs with persistent intracellular pathogen was confirmed and validated in NSG humanized mouse. To our knowledge, we are the first group to show the long-lived survival of *P. gingivalis in vitro* as well as in a reconstituted humanized mouse. Here, we demonstrate the ability of PDDC to drive differential adaptive immune responses based on their interaction with pathogen. We observed the ability to elicit Th1, Th2, or Treg responses from PDDC based on their route of pathogen interaction. Further studies are needed to elicit the intrinsic DC factors that lead to promotion of various T cell responses. As DCs have proven to be promising candidates for specific, immunogenic, and long-lived vaccinations, this work introduces the ability to further fine tune DC vaccines to promote specific helper T cell subsets. In terms of regulatory microenvironment created during chronic infections, PDDC-based generation of Tregs could provide a unique therapeutic target to promote pathogen clearance while maintaining natural immune regulation. The PDDCs driven production of Tregs may be used to develop therapeutic interventional approaches for diseases such as cancer. Our observation that DC-SIGN interaction confers longevity to PDDCs supports the existence of this mechanism *in vivo.* Our results show that a novel subset of cell, PDDCs, are long-lived and dys-regulated immune cells with a unique ability to modulate immunity based on very specific host-pathogen interaction.In conclusion, we have identified an important new pathway whereby chronic low-grade (oral) infections can negatively influence immune surveillance through host modulation. This may prove to be an important route explaining how relatively asymptomatic diseases such as periodontitis contributes to cancer risk.

Material and Methods
====================

Chemicals and reagents
----------------------

GM-CSF and IL-4 were obtained from Gemini Bioproducts. Fluorescent dye for cell labeling: CFSE was obtained from eBiosciences, San Diego, USA. The cell tracker CMFDA (C7025) was procured from Life technologies, USA. De-complemented FBS, RPMI and X-Vivo 15 were procured from Lonza, USA. EasySep™ Human CD14 Positive Selection kit, and Human monocyte enrichment cocktail (RosetteSep) were purchased from StemCell Technologies, Canada. RNeasy mini kit obtained from Qiagen. High capacity cDNA reverse transcription kit, custom-designed TaqMan array fast plates and TaqMan fast universal PCR master mix (2x) were obtained from applied biosystems, USA. The Poly-l-Lysine coated dishes were obtained from BD Biocoat. The ELISA kit for in-cell western analysis for phospho FKHR (FOXO1) was obtained from Active Motif. Annexin V-FITC and propidium iodide staining kit was procured from eBioscience. The leukocyte activating cocktail was procured from BD biosciences. The anti-human CD4^+^ and CD8^+^ were procured from eBioscience. CD83, CD14, CD209, and CD1c were purchased from eBioscience & Miltenyi Biotech. Regulatory T Cell staining kit, CD127, CD152, CD73, CD39, CD317, Perforin, Granzyme, HLA-ABC were obtained from eBioscience. ProcartaPlex Human cytokine and chemokine panel 1A was purchased from eBioscience. CD183, CD194 and CD132 were from BD Bioscience. IL-23R was obtained from Antibodies online. The cell lysis buffer and protease inhibitor PMSF was from cell signaling. Anti-FOXO1 Mab (C29H9), Anti-rabbit IgG-HRP, normal goat serum, signal stain (R) Ab diluent, Signal stain (R) boost IHC detection reagent (HRP-Rabbit) and Rabbit (DA1E) isotype control were obtained from Cell signaling. Α-Tubulin (PA5-29135), β-Actin (MA1-91399), anti-Bim polyclonal antibody (PA5-20089) and Ultra-vision plus detection system (DAB plus substrate) were obtained from Thermo Scientific. Anti-IDO1 antibody was obtained from LSBio LifeSpan BioSciences, USA. Mouse anti-Akt1 antibody (558316), HRP goat anti-mouse IgG (554002) and Rabbit polyclonal IgG (27478) were obtained from BD Pharmingen. The anti-CD40 monoclonal antibody was obtained from Thermo Scientific, USA. The goat anti-mouse IgG H& L (HRP) and anti-Foxp3 Polyclonal antibody (ab10563) were procured from Abcam. Sheep anti-mouse IgG (whole molecule, A3563) was obtained from Sigma Aldrich. Pierce ECL Western blotting substrate was obtained from (Pierce/Thermo Scientific). Vecta shield fluorescence mounting medium was from Vector laboratories, CA, USA. LPS was purchased from InvivoGen (San Diego, CA). The clodronate-loaded liposomes suspension was provided by N. Van Rooijen, Netherlands.

Animal ethics committee approval
================================

All animal procedures were carried out in compliance with American animal welfare laws and regulations. All procedures were reviewed and approved by Georgia Regents University, Institutional Animal Care and Use Committee (IACUC Protocol number: 2013−0586)

Mice
----

IDO-deficient (IDO1-KO) and IDO-sufficient (IDO-WT) having B6 (C57/BL6) backgrounds, mice were purchased from Jackson Laboratories, (Bar Harbor, ME). Four to six week old male and female NOD/SCIDIL-2Rγ−/− (NSG/NOG) mice were procured from Taconic, USA. These immunodeficient/transgenic mice were housed in sterile isolators and supplied autoclaved tap water with a γ-irradiated pelleted diet ad libitum. They were manipulated under pathogen free conditions using laminar flux hoods.

Bacterial culture growth conditions and MoDC infection
------------------------------------------------------

Wild-type (WT) Pg381, which expresses both minor (mfa-1) and major (fim A) fimbriae, isogenic major fimbria-deficient mutant DPG3, which expresses only the minor fimbriae (mfa-1^+^/fimA^−^), the isogenic minor fimbria-deficient mutant MFI, which expresses only the major fimbriae (mfa-1^−^/fimA^+^) and the double fimbriae mutant/naked MFB (Pg mfa-1^−^/fimA^−^) were maintained anaerobically (10% H~2~, 10% CO~2~, and 80% N~2~) in a Coy Laboratory vinyl anaerobic system glove box at 37 °C[@b65] in Acumedia Wilkins-Chalgren anaerobe broth. Erythromycin (5 ug/ml) and tetracycline (2 ug/ml) were added according to the selection requirements of the strains[@b66]. For calculation of bacterial Multiplicity of infection (MOI), the bacterial suspension was washed twice in PBS and was re-suspended in PBS to an OD at 660 nm of 0.11, which previously determined to be equal to 5 × 10^7^ CFU[@b67]. The MoDC were pulsed with *P. gingivalis* strains at 1 MOI for 24 hrs. The low MOI values were used to mimic a natural blood mDC infection observed in CP patients[@b8][@b68] as well as to avoid overwhelming the host response.

Cultivation and phenotypic characterization of pathogen differentiated and monocyte-derived DCs
-----------------------------------------------------------------------------------------------

The Human Assurance Committee (HAC) at Georgia Regents University approved all IRB protocols involving human subjects. All human subject studies conducted conform to the principles of the Declaration of Helsinki. The informed consent was obtained from all healthy volunteers before the study was commenced. The conventional MoDCs were generated *ex vivo* as described elsewhere[@b55] with slight modifications. Briefly, monocytes were isolated from total PBMCs using negative selection of CD14^+^ cells (StemCell RosetteSep) as well as using human monocyte enrichment cocktail by positive selection. Monocytes were then evenly split in 6-well plates at a concentration of 1--4 × 10^5^ cells/ml in RPMI 1640 containing 10% de-complemented-FBS and antibiotic/anti-mycotic and immediately infected with all isogenic *P. gingivalis* mutants (DPG-3, MFI, MFB) and wild type at 1 MOI to generate pathogen derived DCs[@b6]. The *ex-vivo* generation of conventional PDDCs was carried out by cultivating selected CD14^+^ monocytes in presence of GM-CSF and IL-4 (Gemini Bio-products) for 6 days. The initial infection was deemed day zero and differentiation was determined and cells were phenotyped at each time point by collecting and analyzing scatter graph to confirming the immature DC phenotype (CD14^low^ CD83^−^ CD1c^+^ DC-SIGN^+^). The cell surface markers of DCs were evaluated by four-color immunofluorescence staining with the following mAbs: CD83, CD14, CD209, and CD1c.

Genomic microarray (qRT-PCR) of *P. gingivalis* differentiated DCs
------------------------------------------------------------------

Analysis of 48 genes ([Table 1](#t1){ref-type="table"}, S1 Figure) expression in PDDCs (WT, DPG, MFI, and MFB-DC), MoDCs and monocytes was performed using reverse transcription PCR (RT-PCR). Total RNA was isolated from cells using RNeasy kit at 0 hr MN, monocytes cultured for 6 hrs, monocytes incubated with isogenic P.g. mutants at 1MOI for 6 hrs, and MoDCs. Briefly, cDNA was synthesized by using 1.1 μg RNA through a reverse-transcription reaction (Applied biosystems). Qualitative RT-PCR was performed on TaqMan array fast plates using TaqMan fast universal PCR master mix (2x). The 2^−ΔΔCt^ method was used to calculate fold regulations. The fold regulation of the gene in each group was calculated relative to its expression in the controlled samples for that gene, and was calculated by using GAPDH as the house-keeping control.

### FOXO1 activity of PDDC

The levels of total and phosphorylated FOXO1 in PDDCs were measured using a whole cell ELISA following manufacturer's recommendations for suspension cultures and colorimetric assays (Active Motif 48160). The isolated monocytes were seeded at 20,000 cells/well in a 96-well plate and infected with all strains of *P. gingivalis* for 24 hours and other set of cells matured with a cocktail of *E. coli* LPS and TNFα for 24 hours. Plates were then read on an Epoch (BioTek) plate reader at 450 nm with a correction wavelength of 655 nm. The readings were then normalized to total cell counts in each and every single well by staining with crystal violet and reading at 595 nm.

### Annexin-V staining of PDDCs

Annexins are a family of calcium-dependent phospholipid-binding proteins, which bind to phosphatidylserine (PS) to identify apoptotic cells. In healthy cells, PS is predominantly located along the cytosolic side of the plasma membrane. Upon initiation of apoptosis, PS loses its asymmetric distribution in the phospholipid bilayer and translocates to the extracellular membrane, which is detectable with fluorescently labeled Annexin V. Annexin V staining, paired with 7-AAD or PI is widely used to identify apoptotic stages by flow cytometry. The pathogen differentiated DCs generated after incubation of MN with *P. gingivalis* after 24 hours were analyzed for Annexin V-FITC and propidium iodide (PI) using a cell death detection kit for flow cytometry following manufacturer's recommendations.

### Flow cytometry gating and statistical analysis

Gates were chosen using suspension cell forward scatter and side scatter characteristics. Non-adherent MoDCs typically fall within fsc-h 300--600 and ssc-h 100--200 (x1000). Undifferentiated monocytes, lymphocyte carry-over, and debris were excluded from MoDC analysis. Monocytes displayed 95--99% differentiation into MoDCs by day 5 of culture. CD1c^+^ DC-SIGN^+^ cells were chosen for analysis of PDDCs, and statistical analyses for all experimental samples were compared to each other using ANOVA on the means from at least 3 independent flow experiments using Graph Pad Prism 6 and significance is denoted by asterisks within figures where \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.001.

### Immunofluorescence assay (IFA) and immunocytochemistry (ICC)

IFA was performed on cells aggregated on a glass slide using cytospin (Thermo Scientific, USA). Briefly, cells were plated at 37 °C for 4 minutes at 1000 rpm onto slide by cytospin. The cells were fixed in 4% paraformaldehyde in PBS (10 min at room temperature). The cells were stained with DAPI to estimate % apoptosis. The PBS washed cells were mounted with fluorescence mounting medium. The cells were observed under fluorescence microscope using DAPI channel.

Immunocytochemistry was carried out on WT and DPG differentiated DCs following manufacturer's recommendations (Cell signaling, mAb\#2880). The cells were cytospin onto the slide for 4 minutes at 1000 rpm. The cells were fixed in 4% paraformaldehyde in PBS (10 min at room temperature) followed by three times washing in dH~2~O for 5 minutes each. The cells were incubated in 3% hydrogen peroxide for 10 minutes and cells were washed twice in dH~2~O for 5 minutes. The cells were then blocked with 100--400 μl blocking solution (TBST/5% normal goat serum) for 1 hr at room temperature. The cells were incubated overnight with 100--400 μl FOXO1 rabbit mAb diluted in Signal Stain antibody diluent at 4 °C. The cells were washed three times with wash buffer (TBST) for 5 minutes and cells were covered with 1--3 drops of boost detection reagent in a humidified chamber for 30 min at room temperature. The cells were washed again and 100--400 μl DAB plus substrate was applied for 5--15 minutes to achieve acceptable staining intensity. After washing with water, cells were counter-stained with hematoxylin following manufacturer's instructions. The mounted cells were and observed under microscope (Nikon instruments) and photomicrographs were taken. ICC experiments were carried out to see an expression of Fox 1 on cytospin of MoDC, WT and DPG-DCs following manufacturer's recommendations.

Immunoblot analysis
-------------------

To analyze total and phosphorylated proteins, DCs (1.4 × 10^6^ cells) were solubilized in lysis buffer, and 1 mM protease inhibitor (PMSF) was added immediately before use. All plated cells (both adhered and in suspension) were solubilized in ice cold 100 μl cell-lysis buffer mixed with 1 mM PMSF, incubated on ice for 5 min, sonicated briefly following manufacturer's recommendations. The lysates were clarified by centrifugation at 14000 rpm for 10 min and pellets were discarded. The supernatant was used to carry out immunoblot analysis. After extraction, all samples were separated by SDS-PAGE and immunoblotted. For the immunoblot analysis, samples fractionated by SDS-PAGE were electrotransferred to membranes. After blocking with 5% nonfat milk protein in TBST or PBST (0.1% or 0.2% Tween-20), membranes were incubated with antibodies dissolved in TBS plus 0.1 or 0.2% Tween-20 solution and 5% BSA. Subsequently, the membranes were incubated with suitable peroxidase-conjugated secondary antibodies (Cell signaling and Abcam), and immunoreactive bands were visualized using ECL reagents (Pierce).

PDDC-T cell co-cultures
-----------------------

CD4^+^ and CD8^+^ T cells were isolated using RoboSep automated negative selection and purity confirmed by staining with anti-human CD4^+^ and anti-human CD8^+^, respectively. The generated PDDC were retrieved either at 24 or 48 h post-infection and after 24 h induced maturation with *E. coli* LPS and TNFα was imposed. The negatively selected naive T cells were counted and added to PDDC groups at a ratio of 1:3 for 5 days. The positive control group was a co-culture that was treated with leukocyte activating cocktail (*E.coli* LPS/TNFα). After culture conditioning, cells were collected and fixed with 4% paraformaldehyde and stained with the following anti-human antibodies for effector subsets, Th1 subsets: CD183 (CXCR3) and CD119 (IFNγR); Th2 subsets: CD194 and CD132; Th17 subsets: CCR6 and IL-23R; and Treg subsets: Regulatory T Cell staining kit, CD127, CD152, CD73, CD39 and CD317. The CTL activation was measured by staining with the following anti-human antibodies, on CD8 T cells: Perforin and granzyme B and on PDDCs: HLA-ABC.

Preparation of host for human MoDCs grafting: immunomodulatory agents and suppression of innate immunity
--------------------------------------------------------------------------------------------------------

Numerous attempts were made to increase the success rate of the grafting of human cells such as infected and uninfected huRBC. The clodronate loaded liposome suspension was injected through intraperitoneal (i.p.) route in order to reduce the number of tissue MP as described elsewhere[@b28][@b29]. The immunodeficient NSG mice were retro-orbitally injected with 6 million huMoDCs reconstituted in 250 μl RPMI suspension of huMoDC every 3 days to ensure a satisfactory proportion of huMoDC (chimerism) at the time of tracking and traversal of *P. gingivalis.* Simultaneously, NSG mice were administered 0.1 ml of un-sized dichloromethylene diphosphonate (Cl2MDP) encapsulated in liposome (clo-lip) diluted in 0.3 ml RPMI was intraperitoneally injected. Four injections at 2--3 day intervals were given prior to tracking the *P. gingivalis* loaded onto huMoDCs.

Monocyte and MoDC staining with cell tracker dye CMFDA, and whole body imaging on live animals
----------------------------------------------------------------------------------------------

Briefly, monocytes were isolated from total PBMCs using negative selection of CD14^+^ cells (Stemcell RosetteSep) and using human monocyte enrichment cocktail by positive selection. The enriched cells were counted by Hemocytometer[@b69] and flow cytometry. The persistence of signals emitted from CMFDA labeled monocytes were assessed *in vitro*. The cells (200,000) were harvested by centrifugation, and cell pellet was re-suspended gently in pre-warmed CellTracker™ CMFDA (Life technologies-C7025, USA) 10 μM working solution (according to manufacturer's recommendations). The stained cells were incubated 15--45 minutes under growth conditions appropriate for the particular cell type. The cells were centrifuged and excess of dye was removed, and culture medium was added. The incubated cells were cytospin onto slides at 0 hr, 24 hr, 48 hr and 96 hr to determine sustenance of dye signals.

Mice were further modulated for their residual innate immunity by treating three to four times with clodronate-loaded liposomes (100 μl reconstituted in 300 μl RPMI) through intraperitoneal route at every 3 days interval prior to injecting CMFDA labeled human monocytes and MoDCs. Each mouse received 4.5 million monocytes labeled with 15 μM CMFDA, and cells were tracked in NSG mice through whole body imaging (Xenogen, *in vivo* spectrum, USA) instrument. The animals were anesthetized and were positioned on the platform of the imaging machine prior to imaging was carried out on the treated animals. The *ex-vivo* generated and CMFDA labeled MoDCs were pulsed with WT and Mfa-1 isogenic mutants of *P. gingivalis.* The stained and P.g. loaded MoDC were intravenously administered into the reconstituted humanized NSG. Each mice was intravenously injected with 3.8 million *P. gingivalis* pulsed and CMFDA labeled MoDCs. The signals emanated from labeled monocytes and MoDCs showed persistence in deep-seated organs instead of mouse circulation, and lasted for more than 10 days post-injection.

Immunofluorescence assay & histopathology
-----------------------------------------

The microscopic analysis was done on the mice euthanized on day 4 post-administration of CMFDA labeled monocytes, and CMFDA labeled & P.g (WT and Mfa-1) loaded MoDCs. The organs (spleen, liver, heart, kidney & lungs) of the euthanized treated animals, and minced organs slides were prepared, fixed and viewed under microscope. The tissues were collected and cryopreserved in liquid nitrogen, and were then processed for sectioning with Shandon cryotome E cryostat (Germany) to get 5 μm thick sections. The sections were fixed with 4% paraformaldehyde, washed three times with PBS, and photomicrographs were taken under the microscope.
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![MoDCs show higher rate of apoptosis than PDDCs.\
(**A**) Unpulsed MoDC and Pg-wt differentiated DC (WT-PDDC) were stained with propidium iodide staining solution using apoptosis detection kit (Annexin V staining kit, eBioscience). Cells were washed in RPMI supplemented with 10% FBS, and cytospin in order to perform immunofluorescence assay. Apoptotic MoDC and PDDC (arrows), with a characteristic condensed, fragmented, brighter nucleus than non-apoptotic DCs. Insets, view of PI staining of representative apoptotic cells. Scale bars: DCs, 35 μm; Monocytes (MN), 15 μm, (**B**) Unpulsed MoDC and Pg-wt differentiated DC (WT-PDDC) were stained with propidium iodide staining solution using apoptosis detection kit (Annexin V staining kit). Percentage of MN, MoDCs and PDDCs that present condensed or fragmented nuclei (PI) or the outer membrane (annexin+), (**C**) PDDCs generated from *E. Coli* LPS treatment or infection with Mfa-1^+^ strains (WT, DPG) displays a significantly lower level of surface Annexin V staining compared to starved monocytes and MoDC controls. This significant decrease is lost when cells are pretreated with HIV-1gp120 to block DC-SIGN prior to infection or PDDCs are generated with Mfa-1 deficient strains (MFI, MFB). These results are the mean of three independent experiments (n = 3).](srep41083-f1){#f1}

![Phosphorylated Foxo1 decreases with PDDC apoptosis rate.\
(**A**) FOXO1 expression was observed on protein level in PDDCs (WT & DPG) by carrying out Western blot using Anti-FOXO1 Mab. α-Tubulin, loading control (n = 2). The amount of total PDDC Foxo1 (**B**) and phosphorylated Foxo1 (**C**) were measured by whole cell ELISA and normalized to total cell numbers (n = 3) (B) PDDCs generated with *E. coli* LPS or either of the *P. gingivalis* strains have significantly higher levels of Foxo1. (**C**) PDDCs generated by the minor-fimbriae expressing WT and DPG-3 or the non-fimbriated MFB have significantly higher levels of phosphorylated Foxo1 (**D**) DCs were washed in RPMI and then incubated for 10 hrs in 10% FBS in RPMI. DCs were then lysed and Bim was detected by immunoblot. α-tubulin, loading control (n = 2).](srep41083-f2){#f2}

![Stimulation of CD40 induces activation of Akt.\
(**A**) MoDC and PDDC were suspended in 0.1% BSA in RPMI and then treated with anti-CD40 antibody. DCs were then treated with secondary antibody (sheep anti-mouse (Fab) 2 fragment antibody) for 15 min to induce clustering of CD40. The DCs were lysed and phosphorylated Akt1 was detected by using anti-Akt1 antibody. Well (1--3) loaded with DPG-PDDC ; well (4--5) loaded with MoDC. β-actin, loading control (n = 3) (**B**) model indicating a mechanism whereby the DPG-DC interaction may inhibit the apoptosis of DCs. Lower left panel, without DPG-DC interaction, transcription factor NF-kB, associated with its inhibitor IkB, and remains in the cytoplasm. On the contrary, pro-apoptotic factor FOXO1 from nucleus regulates the expression of pro-apoptotic family member Bim. Lower right panel, with DPG-DC interaction, CD40 located at the DPG-DC association induces activation of kinase Akt1. The activated Akt1 leads to, (1) phosphorylation by IkB, which is subsequently degraded, and allowing the translocation of NF-kB to the nucleus. NF-kB may control the transcription of pro-survival genes, and (2) phosphorylates FOXO1 in the nucleus and translocates it to cytoplasm which in turn inhibits the expression of Bim.](srep41083-f3){#f3}

![*P. gingivalis* generated PDDCs have inhibited activation of effector CD8 T cell function.\
PDDCs were generated for 24 hours and then cultured with autologous naïve CD8 T cells (**A**) Surface levels of HLA-ABC on the PDDC groups was analyzed to determine stimulatory capacity. WT and DPG-3 PDDC groups had significantly lower levels of HLA-ABC expression. HLA-ABC was significantly increased with pre-treatment of cells with HIV gp120 to prevent DPG-3 uptake. (**B**) Surface expression of Granzyme B and perforin were analyzed on CD8 T cells after culture. PDDC groups did not drive expression of granzyme B or perforin above baseline levels seen after culture with untreated MoDCs and were much lower than in the presence of *E. coli* LPS and leukocyte activation cocktail (**C**) Analysis of cytokine secretion from supernatants of the co-cultures show that inflammatory cytokines IL-1β, TNFα, and IFNγ are only produced in the presence of *E. coli* LPS and LAC. These results are the mean of three independent experiments (n = 3).](srep41083-f4){#f4}

![Dampened Th1/Th17 response of PDDCs in absence of *P. gingivalis* major fimbriae.\
PDDCs were analyzed for surface expression (**A,B**) and cytokine secretion (**C**) of Th1 or Th17 biased inflammatory mediators. (**A**) PDDCs express relatively low levels of surface IL-17 receptor, with minor-fimbriated DPG-3 PDDCs showing a significant reduction in IL-17 receptor expression. The expression is significantly restored when cells are pre-treated with HIV gp120 to prevent DPG-3 uptake. (**B**) PDDCs express relatively low levels of surface IL-23 receptor and DPG-3 generated PDDCs have significantly lower IL-23 receptor than either untreated monocytes or WT generated PDDCs. (**C**) DPG-3 generated PDDCs show a significant decrease of the IL-17, IL-2, IL-1β, IL-12p70, and IFNγ secretion compared to WT generated PDDCs. Secretion of IL-17, IL-23, IL-2, IL-1β, and IFNγ were all significantly increased when cells were pre-treated with gp120. These results are the mean of three independent experiments (n = 3).](srep41083-f5){#f5}

![PDDCs are unable to generate robust inflammatory responses from naïve CD4 T cells.\
PDDC groups were generated for 24 hours and then cultured with autologous CD4 T cells for 5 days. CD4 T cells were analyzed for expression of selected Th1 inflammatory molecules (**A**), Th17 inflammatory molecules (**B**), Th2 molecules (**C**), or Treg molecules (**D**). (**A**) PDDCs generated with *P. gingivalis* minor-fimbriated strains WT and DPG-3 led to a significant reduction of the Th1-biasing IFNγ receptor and CXCR3 on CD4 T cell surface. Expression of IFNγ receptor was significantly increased when initial DPG-3 uptake was blocked with HIV gp120. TNFα, IFNγ and IL-1β secretion were significantly lower in all PDDC group co-cultures compared to the positive control of *E. coli* LPS and leukocyte activation cocktail[@b70]. IL-1β was significantly increased with gp120 treatment. (**B**) The Th17-biasing IL-23 receptor was significantly increased on CD4 T cells by WT PDDC, but not seen in any of the other PDDC co-cultures. IL-17 secretion was not significantly changed from untreated MoDC co-cultures by any PDDC group co-cultures. IL-23 secretion was significantly increased in all PDDC co-cultures. (**C**) The expression of Th2-biasing IL-4 receptor was significantly increased in WT and DPG-3 co-cultures and significantly decreased when DPG-3 uptake of PDDCs was blocked by gp120. IL-10 secretion was significantly increased in all PDDC co-cultures compared to LAC-treated controls and was significantly decreased in gp120 treatments prior to DPG-3 infection compared to DPG-3 alone. (**D**) CD4 T cells cultured with DPG-3 PDDCs showed a significant increase in Foxp3, CTLA-4, CD39, and CD73 expression. Pre-treatment with HIV gp120 to block DPG-3 uptake significantly reduced expression of each marker. These results are the mean of three independent experiments (n = 3).](srep41083-f6){#f6}

![DPG-3 PDDCs induce IDO-dependent regulatory T cell responses from naïve CD4 T cells.\
PDDC groups were generated for 24 hours and then cultured with autologous CD4 T cells for 5 days. (**A**) Tregs were significantly induced in DPG-3 PDDC co-cultures and this induction was lost with gp120 pre-treatment or in the presence of 1-MT or LAC (n = 3) (**B**) Immunocytochemistry carried out by IDO specific antibody on cytospins of WT-PDDCs and DPG-PDDCs showed greater expression of IDO in DPG differentiated DCs (n = 3). The ICC of IDO expression is well supported and confirmed by, (**C**) immunoblot detection of IDO in WT and DPG-PDDCs. MoDCs and PDDCs were cultured in 10% HI-FBS, cells were lysed by cell lysis solution to extract protein. β-actin, loading control (n = 2). (**D**) IDO plays a crucial role in modulating systemic inflammatory responses by affecting Tregs induction in IDO-KO mouse model of gingivitis. WT (IDO sufficient) mice were able to induce markedly higher level of Tregs (1.5% of CD3^+^ CD4^+^ cells) compared to their IDO-KO counterparts (0.1% of CD3^+^ CD4^+^ cells) after *P. gingivalis* LPS injection (n = 3). (**E**) CD4 T cells were pre-labeled with CFSE to measure proliferation in a parallel experiment. DPG-3 PDDC co-cultures showed a significant reduction in T cell proliferation compared to stimulated MoDC controls. T cell proliferation was significantly increased in DPG-3 PDDC co-cultures in the presence of IDO or LAC (n = 3).](srep41083-f7){#f7}

###### *P. gingivalis* wild type and isogenic fimbriae deficient mutants.

  Strain    Description                                                                                          Predominated receptor targeted on DCs
  --------- --------------------------------------------------------------------------------------------------- ---------------------------------------
  Pg381     Wild-type (381), which expresses both minor (Mfa1) and major (FimA) fimbriae.                                  DC-SIGN and TLR2
  Mfa1^+^   Pg Isogenic major fimbriae-deficient mutant DPG3, which expresses only the minor fimbriae (Mfa1).                   DC-SIGN
  FimA^+^   Pg Isogenic minor fimbriae-deficient mutant MFI, which expresses only the major fimbriae (FimA).                     TLR2
  MFB       Isogenic double fimbriae mutant MFB, which lacks both minor and major fimbriae.                                      TLRs

###### Monocyte-derived DCs (MoDCs) and Pathogen (*P. gingivalis*) differentiated dendritic cells (PDDCs) regulate expression of various markers relative to monocytes (Fold regulation shown in selected genes which are expressed on MoDC and PDDC).

  Gene markers    Fold change in gene expression in MoDC   Relative fold change in gene expression in pathogen (*P. gingivalis*) differentiated DC                  
  -------------- ---------------------------------------- ----------------------------------------------------------------------------------------- ------- ------- --------
  CD80                              2                                                                 1                                              11.2     8.9     8.3
  CD83                             3.4                                                               0.9                                               1      4.1     2.1
  CD86\*                           8.15                                                              0.3                                              2.8     0.2     0.2
  CD40\*                          17.85                                                              1.1                                              4.3    5.85     4.6
  CD275                            2.7                                                              0.55                                              4.4    1.05     0.2
  CD274                            10.5                                                              11                                               23      123      65
  CD39                            16.56                                                             0.494                                             1.2    0.95     0.31
  IL-1β\*                           0                                                               4.65                                             41.9    16.55    8.7
  IL-6\*                            0                                                                16                                               48      312     231
  IL-10\*                          2.15                                                             35.6                                             32.1    65.35   62.05
  IL-12β                           1.3                                                              34.85                                             5.5    34.4     93.7
  IFNγ                              0                                                                1.9                                               0     14.6    41.71
  TGFBR2                           8.5                                                              0.55                                              1.5    0.52    0.245
  SOCS 1                            10                                                                6                                                5      37      123
  SOCS 3                           0.1                                                               2.1                                              5.2    14.1    511.05
  STAT1                            4.25                                                              1.1                                             2.45    1.05      2
  IDO1\*                           0.05                                                             1.335                                            5.85    7.125   36.85
  FOXO1\*                          3.15                                                             1.05                                             4.35    1.05     0.55
  BCL2                              1                                                               1.75                                              0.6     2.1     1.05
  BCL2l1                           8.15                                                              2.2                                             1.15      4      2.15
  TNFRSF10B                        8.1                                                              1.05                                             1.05     4.2     2.1
  BIRC5\*                          3.55                                                             2.35                                             15.2      4      4.2
  ADORA2B                          3.75                                                              0.5                                             22.25     1      0.55
  TNFα                            0.095                                                               4                                               0.3     16       16

Monocytes were isolated using human monocyte enrichment cocktail (RosetteSep), and were cultured in presence of growth factors (GM-CSF and IL-4) for 6 days to generated MoDCs, and 200 K-400 K monocytes/well distributed in a six-well plate, and infected immediately with wild type, minor (mfa-1) fimbriae, major (MFI) fimbriae and double (MFB) isogenic mutant(s) of *P. gingivalis* at 1 MOI. MoDCs and PDDCs were confirmed for their immature DC phenotype (CD14^low^CD83^−^CD1c^+^DC-SIGN^+^) on day 6 and 6 hrs post-infection respectively. The gene expression in MoDCs and PDDCs relative to monocytes was performed by using a custom-designed PCR array plates procured from Life technologies. All markers were designed in triplicates on array plates. The fold change (in gene expression) value greater than one indicates a positive value or an up-regulation of gene expression, and less than one indicates a negative value, or down-regulation of gene expression. Asterisks denote significance difference in genes in MoDCs and DPG differentiated DCs.

[^1]: These authors contributed equally to this work.
